Introduction {#S1}
============

*Toxoplasma gondii* \[[@R25]\] is an intracellular pathogen with a worldwide distribution \[[@R17]\]. In humans, infections range in severity from asymptomatic to lethal, and are particularly dangerous to the unborn child during pregnancy and to immunosuppressed patients. Transmission to humans may occur either congenitally, or by ingestion of undercooked meat containing tissue cysts, or of food and water contaminated with oocysts shed into the environment in the faeces of felids. Although felids are the only known definitive host of *T. gondii,* all homoeothermic animals may act as intermediate hosts \[[@R33]\]. Rodents constitute important prey for domestic felids, and are among the few wild mammals to persist in villages and towns. For this reason, they are often considered relevant markers to assess the circulation of *T. gondii* in commensal habitats \[[@R23], [@R30]\].

In sub-Saharan Africa, human seroprevalence is highly variable, with reported values ranging from 4% to 83% \[[@R20]\]. In Senegal, *T. gondii* infection in humans has been found to vary between 4% and 40% \[[@R19], [@R24]\]. However, most studies concerned the city of Dakar and the distribution of risks related to the disease across the country remains largely unknown. Moreover, the seroprevalence of *Toxoplasma* in animal populations has rarely been characterised in Senegal \[[@R8], [@R12]\].

In this study, we provide serological data for *T. gondii* obtained from 1205 rodents sampled in villages and towns in Senegal. Seroprevalence data were analysed regarding the geographical location of the sampling locality, its rodent community, and the individual characteristics of the rodent hosts.

Material and methods {#S2}
====================

Sampling {#S3}
--------

Fieldwork was conducted in 40 localities in Senegal between 2011 and 2014 ([Fig. 1](#F1){ref-type="fig"}, [Table 1](#T1){ref-type="table"}). Trapping within private properties was performed with prior agreement from local authorities. All animal-related procedures were carried out under our laboratory authorisation for experiments on wild animals (No. D 34-169-1), and followed the official guidelines of the American Society of Mammalogists \[[@R31]\]. The detailed description of the standardised trapping protocol used here was provided in \[[@R7]\]. Rodents were captured alive and euthanised using cervical dislocation, weighed to the nearest 0.5 g, sexed and dissected. Intra-cardiac blood was sampled immediately after death and spotted onto Whatman No. 3 papers that were air-dried and then stored in a plastic bag at room temperature (RT) in the field and then at 4 °C in the laboratory.
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Rodents were identified to the species level using morphologic tools \[[@R14]\]. The rodent community was characterised at each locality using trap success (e.g., the ratio between the number of captured rodents and active traps set), as a proxy for relative rodent abundance, and Simpson's diversity index \[[@R32]\].

Dried blood samples were used for the detection of *T. gondii* antibodies using a modified agglutination test (MAT) technique \[[@R9]\] adapted for dried blood samples, with a cut-off titre at 1:16 \[[@R20]\]. Two 5 mm diameter dried blood spots were punched out of each blotting paper circle and placed into the well of a flat bottomed microtitre plate. The blood was eluted out in 80 μL of phosphate buffered saline, pH 7.2 (bioMérieux). Plates were covered and left to elute overnight at RT and at 400 rpm agitation. Ten microlitres of each eluted sample were used. Samples were screened at four serial dilutions (1:16, 1:32, 1:320 and 1:640). For serological control, fresh blood from *T. gondii* antibody-seronegative Swiss mice (not infected by *T. gondii*) and *T. gondii* antibody-seropositive Swiss mice (experimentally infected with control of the presence of cysts in the brain) (*Mus musculus*, Janvier Labs, Saint-Berthevin, France) was spotted onto a 5 mm diameter circle on Whatman No. 3 paper and allowed to dry at RT for 24 h, before storage at RT in sealed bags. Antibody titres were determined by the last dilution where the agglutination pattern could be read in comparison with the negative and positive controls. *Toxoplasma* seroprevalence was finally calculated as the percentage of seropositive rodents in each sampling locality.

Statistical analyses {#S4}
--------------------

We carried out a generalised linear model (GLM) assuming a binomial distribution to test whether individual rodent seropositivity was related to geography (described by latitude and longitude coordinates of the sampled individual), rodent community diversity (Simpson index) and relative abundance (estimated using trap success) at the locality of sampling, as well as rodent species, sex and body mass (this variable was centred-reduced to avoid the confounding effect of specific differences). The interactions between rodent species and geographical coordinates were also considered in the model. Using the Akaike information criterion with correction for samples of finite size (AICc), we carried out model selection from the full starting model. We then chose the most parsimonious model among those selected within two AIC units of the best model obtained. *P* values were obtained by stepwise model simplification using likelihood-ratio tests and were considered significant when *p* \< 0.05. The final model was validated by the graphical checking of normality, independence and variance homogeneity of the residuals. All analyses were performed with R Software using the lme4 v1.1-8 \[[@R4]\] and MuMIn v1.15.1 \[[@R3]\] packages.

Results {#S5}
=======

A total of 1604 rodents were sampled (mean trap success: 0.30 ± 0.11): 689 house mice (*Mus musculus domesticus*), 513 multimammate rats (376 *Mastomys erythroleucus* and 137 *M. natalensis*), 334 black rats (*Rattus rattus*), 39 Nile rats (*Arvicanthis niloticus*), 25 Dalton's mice (*Praomys daltoni*), three brown rats (*Rattus norvegicus*) and one fat mouse (*Steatomys* sp.) ([Table 1](#T1){ref-type="table"}). Rodent diversity was relatively low within localities (mean Simpson's diversity index: 0.78 ± 0.21) ([Table 1](#T1){ref-type="table"}).

A total of 1205 rodents (*Mastomys* spp., *R. rattus*, *M. m. domesticus*, *A. niloticus* and *P. daltoni*) were screened for *Toxoplasma* antibodies. Among them, we found 44 seropositive rodents ([Table 1](#T1){ref-type="table"}). MAT titres were: 1:16 in nine, 1:32 in 28, and above 1:320 in seven. The 44 seropositive rodents belonged to four different species: the native *M. erythroleucus* (*n* = 13; 4% of the screened individuals) and *M. natalensis* (*n* = 2; 2%), and the invasive *M. m. domesticus* (*n* = 25; 5%), and *R. rattus* (*n* = 4; 2%). No seropositive individuals were found among *A. niloticus* and *P. daltoni*, represented by very low sample sizes (*n* = 23 and *n* = 18, respectively). Within localities, *Toxoplasma* seroprevalence (mean: 0.04 ± 0.06) ranged from zero (20 localities) to 24% (code THC) ([Fig. 1](#F1){ref-type="fig"}; [Table 1](#T1){ref-type="table"}).

Statistical analysis was restricted to data for the four species with sufficient sample sizes (i.e., *M. m. domesticus*, *R. rattus* and *Mastomys* species). Rodent seropositivity was significantly related to latitude (Likelihood Ratio Test LRT~1,1164~ = 7.91 *p* = 0.0049), with higher seroprevalence in northern localities ([Fig. 1](#F1){ref-type="fig"}), but not with longitude (LRT~1,1164~ = 0.57, *p* = 0.4520), Simpson diversity (LRT~1,1164~ = 0.01, *p* = 0.9346), trap success (LRT~1,1164~ = 0.22, *p* = 0.6423), rodent species (LRT~3,1164~ = 0.96, *p* = 0.8103), sex (LRT~1,1164~ = 0.64, *p* = 0.4254) or body mass (LRT~1,1164~ = 0.64, *p* = 0.4254).

Discussion {#S6}
==========

In Senegal, commensal rodent communities are dominated by native *Mastomys* spp., as well as by the invasive *M. m. domesticus* from the centre to the north of the country, or by *R. rattus* in the southern part \[[@R7]\] ([Fig. 1](#F1){ref-type="fig"}). The distribution of the various species reflects the ongoing eastwards spread of invasive rodents from coastal localities where they were introduced during the colonial era \[[@R7], [@R15], [@R18]\].

Mean *Toxoplasma* seroprevalence was relatively low (4%) in rodents from Senegal. This value closely matches that found in rodents elsewhere \[[@R2], [@R13], [@R19], [@R20], [@R22]\]. Low seroprevalence in rodents led to an initial question on the sensitivity of the serological test used to detect *T. gondii* infection. The MAT technique is commonly used in diverse species of animals. It was shown to be a reliable indicator of infection in mice of several laboratory strains \[[@R11], [@R26]\]. Seronegative values were nevertheless reported in *Mus musculus* offspring infected by vertical transmission from chronically infected dams, although the infection was confirmed by PCR \[[@R5], [@R27]\]. Diverse virulence of a given *T. gondii* strain has been observed in laboratory and wild mouse strains, indicating different innate immunological reactions linked to polymorphic variations in the IRG system \[[@R16], [@R21]\]. Also, differences in antibody response against *T. gondii* infection among wild rodent species cannot be excluded. All these elements point out the benefit of combining different techniques of *Toxoplasma* detection in future studies, in order to evaluate their respective value for the screening of rodent communities in the wild.

Low *Toxoplasma* seroprevalence is expected under Sahelian climatic conditions (low hygrometry, high soil and air temperatures and ultraviolet irradiation levels), which are poorly suitable for oocysts survival and sporulation \[[@R10]\] and may decrease the probability of environmental contamination \[[@R33]\]. On the basis of this assumption, mean seroprevalence was found to be similarly low in this study and in the only other rodent survey performed in the Sahel (e.g., in Niamey, Niger: \<2% *Toxoplasma* seroprevalence in *M. m. domesticus*, *R. rattus* and *M. natalensis*) \[[@R20]\]. Nevertheless, climatic conditions cannot explain the latitudinal gradient found in Senegal. Indeed, in this country the main climatic factor related to latitude is aridity, which would be unfavourable to *Toxoplasma* transmission but increases from south to north \[[@R29]\] like the number of positive rodents. This unexpected latitudinal pattern suggests the effect of environmental factors other than climate on *Toxoplasma* seroprevalence in rodents. For instance, the proximity of irrigated surfaces may play a role, as indicated by higher *Toxoplasma* seroprevalence found in rodents that were sampled within irrigated gardens in Niamey \[[@R20]\]. Seroprevalence values in rodents may also reflect differences in the distribution of other host species such as cats, dogs and livestock, which were found to be largely infected by *Toxoplasma* in Senegal \[[@R8], [@R12], [@R28]\]. For instance, the higher number of positive rodents in the North could relate to the large livestock populations of the Ferlo region, which is the heart of pastoral herding in Senegal \[[@R6]\]. Large populations of domestic cats have been observed in villages in the Senegal River's middle valley (Duplantier, unpublished data), but there are unfortunately no data on the distribution of domestic and wild felids across the country that could help to explain the differences in *Toxoplasma* seroprevalence found in rodents among the different localities \[[@R8]\].

Variations in *T. gondii* infection were not related to variations in rodent communities among localities ([Fig. 1](#F1){ref-type="fig"}). We would have expected to detect higher seroprevalence values in some species than in others because of differences in body size and home range size (e.g., *R. rattus* larger than *M. m. domesticus*), or in some individuals because of sex or body mass (e.g., \[[@R1], [@R30]\]). However, low seroprevalence levels lead to low statistical power to detect the effect of such factors in complex models. Because of their shorter life expectancy and smaller home-range, rodents may be less likely to be infected than larger mammals \[[@R1]\], which raises the question of their role as sentinels for *T. gondii* infection. The specific ecological characteristics of the rodents sampled in this study could also explain the low seroprevalence. Indeed, *R. rattus* (that often build nests in the roofs of houses), or *M. m. musculus* and *Mastomys* species (that use crevices or cracks as burrows) are less at risk of being infected by *T. gondii* than fossorial mammals, because they are less in contact with potentially contaminated soil \[[@R1]\].

To our knowledge, this study is the first to focus on *Toxoplasma* seroprevalence in rodents at the scale of a Sahelian country. To obtain a clearer view of *T. gondii* epidemiology, similar studies in rural areas on other epidemiological agents such as cats, sheep and goats, are necessary. They will enable us to better understand the risk factors related to *T. gondii* in villages and towns of Senegal, which seem to be variable geographically.
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[^1]: Number of sampled rodents;

[^2]: Number of rodents considered for serological analyses;

[^3]: Seroprevalence of *T. gondii*;

[^4]: Simpson's diversity index;

[^5]: Trap success, calculated as the ratio between the number of rodents sampled and the number of traps set in the houses, minus non-active traps (e.g., those found closed and empty, or those having captured small mammals other than rodents);

[^6]: Number of individuals sampled/Number of individuals serotyped/Number of seropositive individuals.
